A B S T R A C T The peak rate of systolic wall thickening (pdT,/dt) in regions of the left ventricle was determined by biplane roentgen videometry in 60 patients before and a median of 14 mo after aortocoronary bypass graft surgery. The left ventricular ejection fraction, stroke volume, and end-diastolic volume and pressure did not change significantly after surgery in the presence of patent or occluded grafts (P > 0.05).
A B S T R A C T The peak rate of systolic wall thickening (pdT,/dt) in regions of the left ventricle was determined by biplane roentgen videometry in 60 patients before and a median of 14 mo after aortocoronary bypass graft surgery. The left ventricular ejection fraction, stroke volume, and end-diastolic volume and pressure did not change significantly after surgery in the presence of patent or occluded grafts (P > 0.05).
Statistically significant increases occurred in the peak rate of systolic wall thickening of regions supplied by patent bypass grafts, and significant decreases occurred in regions with occluded grafts (P < 0.01). Of 42 preoperatively hypokinetic regions (pdT,/dt > 0 < 5.0 cmls) supplied by a patent graft, 30 improved by an average of 2.6 cm/s after operation; 18 returned to normal. Failure of24 hypokinetic regions to improve to normal was associated with myocardial infarction in 11 or with late postoperative graft blood flows of <60 ml/ min, measured by videodensitometry, in 10. All seven preoperatively akinetic (pdT,/dt = 0) or dyskinetic (pdT,/dt < 0) regions did not improve after the operation despite the fact that, in five of the seven, coronary bypass flows were over 60 ml/min.
All eight preoperatively hypokinetic regions supplied by coronary artery graft flows of .40 ml/min failed to improve to normal after operation. All nine preoperatively hypokinetic regions supplied by coronary artery graft flows of over 60 ml/min improved to normal after surgery. Late postoperative coronary
INTRODUCTION
Aortocoronary artery bypass graft surgery affords relief or improvement of angina pectoris in the majority of patients (1) (2) (3) (4) (5) . Evidence for improvement of myocardial function has been contradictory (1, (6) (7) (8) (9) (10) (11) (12) (13) (14) , especially in late postoperative studies. Decreased regional left ventricular (LV)' function in segments supplied by patent grafts has been reported (1) . However, demonstration of graft patency alone does not necessarily indicate sufficient blood flow to relieve myocardial ischemia. To date, flow in individual aortocoronary artery bypass grafts and its relationship to regional function have been measured only at the time of surgery with an electromagnetic flow meter (15) . In that study (15) , mean flow through the graft correlated with the effect of its temporary occlusion on the percentage decrease in myocardial contractile force, measured by a strain-gauge arch. Recently developed, quantitative, computer-based videoangiographic methods of analysis allow postoperation measurement of blood flow through individual grafts (16) (17) (18) and 60 fields determination of LV volumes and regional myocardial wall dynamics (19, 20 Videodensitometric measurements ofthe mean transit times in the vein grafts were obtained by the selective injection of 1-3 ml of Renografin at the orifice of each graft. The resulting fluoroscopic image was recorded on videotape. Graft transit times were determined 5-10 min after ventriculography by measuring changes in roentgen density caused by the contrast medium indicator (17, 18) and recording computer-generated indicator-dilution curves at the proximal and distal ends ofthe graft. Nonspecific changes in roentgen density caused by cardiogenic motion of the catheter or vessel and changes in cardiac size and position were compensated for by background subtraction of the cyclic roentgen density changes of the last two or three cardiac cycles recorded before injection of contrast medium. The mean transit time of the bolus of contrast medium along the length of the graft was determined as the difference between the mean transit times measured at the proximal and distal sampling sites. The volume of the graft between the two sampling sites was determined from biplane orthogonal roentgenograms ofthe grafts obtained after selective injections of 5-10 ml of Renografin-76 into the graft orifices (17) . Graft blood flow is equal to graft volume divided by mean transit time of the bolus along the graft (17, 18) . Unsatisfactory measurements were due primarily to poor patient positioning and inadequate breath holding or technically unsatisfactory spot film exposure for determination of graft dimensions.
Graft flows determined from two consecutive Renografin injections were performed 5-10 min apart at the same patient study and were very similar: an increase in half and a decrease in half of the second flow measurements (16 grafts), a median change of 0.5 ml/min, and a change > 11 ml/min in only 2 of 16 grafts. This is in agreement with studies in man (23) , wherein the hyperemic response to 3 ml of Renografin lasted 1 min, and previous studies in dogs, wherein the hyperemic response to larger-per-kilogram doses of contrast medium lasted 1-4 min (24) .
Ventricular volumes (end-diastolic and end-systolic volume indexes), together with the calculated stroke volume and ejection fraction (EJF), were determined from the biplane ventriculograms by roentgen videometry. The operator-interactive video system interfaced with a CDC 3500 computer (Control Data Corp., Minneapolis) has been previously described (19) . The volume-computing program was based on Simpson's rule (25) . Only regular beats were analyzed. In eight patients, biplane determinations of LV volume were not 1340
Chesebro et al. possible either before or after operation because of ectopic beats or X-ray exposure unsuitable for analysis. The same videometric, computer-interfaced system was used to determine and display 60 fields measurements of wall thickness throughout several cardiac cycles and to calculate and display the peak rate of systolic wall thickening as previously described (20) . Although the thickness of the wall was computed as the shortest distance between the endocardium and the epicardium, even with accurate definition of these borders, the shortest distance is not necessarily the true wall thickness of the segment (26) . Nonetheless, for convenience, the measured value will be referred to as "wall thickness."
Up to three segments in each of the anterior and posterolateral walls are analyzable, depending on the magnification and orientation of the cardiac silhouette and the definition of the epicardium (Table I) . Because of previously noted (20) difficulties in obtaining optimal orientation of inferoseptal segments and because of the superimposed diaphragm, only three patients had a single inferoseptal segment that was analyzable before and after surgery.
Segments were classified quantitatively as "normal" when the peak rate of wall thickening (fxdTw/dt) was greater than or equal to 5.0 cm/s, "hypokinetic" when the pdTw/dt was less than 5.0 cm/s, "akinetic" when the pdTw/dt was equal to 0, and "dyskinetic" when the pdTw/dt was less than 0 because of systolic wall thinning (20) .
Heart rate was measured from the simultaneous electrocardiogram recorded while the ventriculogram was being videotaped. Aortic diameters were measured at end-systole on all ventriculograms with the same videometric system to verify that appropriate magnification factors had been used for studies both before and after operation.
Coronary (22) ; two infarcts were in the region of an occluded graft, and one was in the region of a patent graft. Two patients had a late postoperative (>30 days) myocardial infarction in the region of an occluded graft.
Patent graft group. In 33 patients, all 54 grafts were patent. Only six patients in this group were completely revascularized; that is, they had no other coronary arteries or major branches with .50%/o stenosis that were not grafted. Five patients had coronary arterial narrowing of .50%o which was not bypassed in a coronary branch artery (diagonal branch, an obtuse marginal branch, or a nondominant left circumflex atrioventricular groove branch). The remaining 22 patients in this group had at least one major coronary artery with .50%o stenosis that was not graftable. 12 of the 33 patients had angina at the time of the postoperative study.
Occluded graft group. In these 27 patients, 36 of 59 grafts were occluded; 9 patients had all grafts occluded. 15 of the 27 patients had angina at the time of the postoperative study.
Total ventricular functional status. Compared with measurements before operation, the groups with patent and occluded grafts showed no statistically significant (P > 0.05) changes after operation in resting left ventricular end-diastolic pressure, stroke volume, EJF, or end-diastolic or end-systolic volume index (Fig. 2) . No statistically significant (P > 0.05) postoperative changes in these same parameters occurred in patients with abnormal preoperative values, with all grafts occluded, or with an occluded graft of the left anterior descending coronary artery.
Regional ventrticular functional status. In contrast to the lack of statistically significant changes in global LV functional status, significant (P < 0.01) increases occurred in pdT,/dt of segments supplied by patent grafts (Fig. 3 ) and significant (P < 0.01) decreases occurred in segments with occluded grafts (Fig. 4) .
Segments supplied by patent grafts (57 segments). Preoperatively, 42 were hypokinetic segments (Fig. 3, pdT,/dt > 0 < 5 cm/s on the abscissa), 7 were akinetic or dyskinetic, and 8 were normal. Of the 42 preoperatively hypokinetic segments, 30 improved subsequent (Fig. 3, right) , despite graft blood flows of >60 ml/min to five of the seven regions where flow measurements were technically satisfactory. Six of these seven regions had documented preoperative transmural myocardial infarction.
Of eight preoperatively normal segments, six remained normal after surgery; and two were hypokinetic at the late postoperative study in association with graft flow of <40 ml/min (see Regional ventricular functional status versus graft flow).
Segments supplied by occluded grafts (20 segments) .
Inadequate blood supply results in decreased fdT,/dt, as documented by the analysis of segments supplied by occluded grafts (Fig. 4) ; 17 of these 20 segments showed a decrease. The largest decreases in segmental function occurred when both the native coronary circulation and the graft were occluded (Fig. 4 , solid triangles). Smaller decreases occurred in segments in which the grafts were occluded but the native circulation was unchanged (Fig. 4, open triangles) (Fig. 5) .
Segments supplied by ungrafted arteries with <50%o stenosis appeared capable of a compensatory increase in regional wall dynamics subsequent to operation if there was deterioration of circulation or wall motion elsewhere in the LV. However, ungrafted coronary arteries with _50%o stenosis appeared to preclude a compensatory increase in wall dynamics of the region they supplied (Fig. 6) .
Regional ventricular functional status versus graft flow. Independent measurement of pdTw/dt and graft flows were performed by different observers. Regional wall dynamics before and after operation were plotted for segments supplied by three levels of graft flow: _40 ml/min, 41-60 ml/min, and >60 ml/min (Fig. 7) .
Two of three preoperatively normal segments with graft flows of <40 ml/min were hypokinetic at the late postoperative study without evidence of myocardial infarction. These two segments had normal pdTw/dt at catheterization study 7 hypokinetic segments improved to normal after operation (Fig. 7) . With graft flows of >60 ml/min, all nine hypokinetic segments improved to normal after operation and increases in pdTw/dt were the largest (Fig. 7) .
There was no significant (P > 0.05) change in arterial pressure between the two studies. The heart rate was slightly increased (4 beats/min average) at the time of postoperative study (P < 0.01) and was comparable in the patent and occluded graft groups.
DISCUSSION
The present study demonstrates an improvement in hypokinetic segments of the left ventricle in patients after aortocoronary artery bypass graft surgery for relief of angina pectoris. The amount of graft flow and the functional status of the regional myocardium are important modifiers of the response observed. The observed improvement in regional myocardial function was unaccompanied by significant changes in global LV function.
Regional function ofthe left ventricle late after aortocoronary artery bypass graft surgery has been reported as unchanged or deteriorated (1, 2, 14) or improved (28, 29) . The reasons for these reported differences are not entirely clear but may relate in part to the following factors: (a) different methods of regional LV function measurement, (b) lack of graft blood flow measurement at the time of postoperative study, (c) imprecise correlation of coronary artery distribution with specific myocardial segments and incomplete revascularization of major arterial branches, (d) functional status of the myocardium before and after operation, and (e) variable surgical technique and experience. PdTw/dt, cm/s,before FIGURE 7 Dependence of peak rate of systolic wall thickening on late postoperative graft flow. t3dT,,/dt before and after operation are shown for three levels of graft flow: -_-40 ml/mmn, 41-60 ml/min, and >60 ml/min. Two segments, (1) and (2), with normal rates of wall thickening before surgery and 7-8 days after operation, when graft flows were 120 and 73 mg/min, respectively, were noted to be hypokinetic 16 and 11 mo later when reduced flows of 39 and 32 ml/min, respectively, were noted. Lines connect segments from same patient at same studies.
Regional wall dynamics are most often determined by assessing endocardial motion from superimposition of end-diastolic and end-systolic LV cineangiographic silhouettes and measuring changes in minor axes of the ventricle. This method is sensitive to changes in position of the heart during the cardiac cycle. The assessment of wall motion has been demonstrated to differ significantly according to the method of superimposing the silhouettes (30) . The relative sensitivity of these methods in sequential studies and whether these methods contributed significantly to the differences noted in sequential studies in the same patient are not known. We have applied computer-assisted roentgen videometry to the analysis of biplane left ventriculograms to quantitate regional wall thickening during systole. With this method, which is less sensitive to changes in cardiac position and adjacent myocardial motion, it was found that the peak rate of systolic wall thickening best separated apparently normal and abnormal segments of the left ventricle (20) .
All angiographic measurements of regional LV function, including wall thickness, are limited in accuracy by the inherently ambiguous relationship between a three-dimensional structure and its roentgen projection image (26 Factors other than myocardial ischemia that might influence the rate of systolic wall thickening have been considered in the present study. Arterial pressure did not significantly change at studies before and after surgery. Even though heart rate was slightly increased in both the patent and occluded graft groups, the postoperative changes in rates ofwall thickening correlated with graft patency (Fig. 8) . On the basis of our preliminary unpublished studies in dogs, the slight heart rate increase after surgery appears insufficient to account for the differences in rates of wall thickening. The consistent pdT,/dt noted in our control patients (Fig. 1) makes it unlikely that the differences noted in the patients after operation result from other factors not considered in this study. A more significant potential influence on the mneasured postoperative rate of wall thickening is the effect of changed dynamics elsewhere in the ventricle as a result of infarction, graft occlusion, or progression of coronary artery disease. Clinical studies in our laboratory have documented unusually high rates of thickening in normal segments, associated with abnormalities of regional function elsewhere in the same ventricle, suggesting a compensatory response (20) . Studies of experimental canine myocardial infarction have also demonstrated a compensatory increase in regional myocardial function in the uninvolved myocardium (32, 33) . Thus, improved regional blood supply may not be the only reason for the higher rates of regional wall thickening in the patent graft group. For these reasons, the segments supplied by a patent graft were further classified into segments with or without reduction in circulation or wall motion elsewhere in the ventricle (Fig. 3) .
Our studies indicate that graft flows at the time of late postoperative study may be sufficiently diminished to preclude normal regional function, even though the graft is patent. By measuring the blood flow in individual grafts supplying the segment of myocardium under study, a positive correlation was noted between the amount of flow provided by the graft and the postoperative increase in the peak rate of systolic thickening in regions with preoperative hypokinesis (Fig. 7) . It is apparent that conclusions on effects of aortocoronary artery bypass graft surgery on regional left ventricular function should ideally include quantitation of flow to the region under study.
Revascularization of a region with an ungrafted >50% stenosis of a branch of the major grafted artery also may preclude improvement in postoperative regional LV function. For example, a patent graft to a left anterior descending coronary artery with residual disease in a large ungrafted diagonal branch may account for lack of improvement in regional wall thickening noted in five of our patients. Also related is the lack of absolute precision in locating the specific region supplied by a single coronary branch artery by subjectively relating a small number of X-ray projections (26) .
The status of the myocardium in the region of the left ventricle supplied by the graft must also be considered in assessing results of surgery on regional function. Half of grafted LV regions with new postoperative electrocardiographic evidence of transmural infarction are supplied by patent grafts (34) . It is possible that perioperative damage to the myocardium may explain the lack of improvement or deterioration of segments supplied by patent grafts. An example is one of our patients who sustained a perioperative anterior transmural myocardial infarction. 28 mo after operation, a patent left anterior descending coronary artery graft with 82 ml/min blood flow was found in 1346
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association with deterioration in anterior regional wall dynamics (Fig. 3 ). Increasing experience with the operation appears to reduce the frequency of postoperative myocardial infarction, and reports on regional myocardial function based on early surgical experience may thus bias postoperative results (34 
